Perivascular adipose tissue (PVAT) anatomy
==========================================

PVAT is, by definition, situated outside of the blood vessel and is structurally distinct from the adventitia, although no clear barrier exists between the two. Depending on the anatomical region and vessel caliber, PVAT may be more abundant (as with the aorta), debatably separated from the surrounding adipose tissue (for eg, the coronary PVAT within epicardial fat), or often absent (cerebral or microcirculation). In clinical studies that categorize adipose tissue as either subcutaneous (SAT) or visceral (VAT), the PVAT around large arteries, such as the aorta or mesenteric arteries, is generally grouped in together with VAT, famously correlated with cardiovascular risk. This classification is supported by studies quantifying aortic PVAT mass by computed tomography (CT)-based volumetric measurements, which demonstrated a strong correlation between aortic PVAT and VAT.[@b1-vhrm-9-105] Conversely, seminal epidemiological studies that identified aortic PVAT separately from VAT found that the volume of this specific kind of visceral fat, just as of VAT per se, correlated with hypertension, diabetes, and aortic and coronary calcification, even if corrected for body mass index.[@b2-vhrm-9-105]

In terms of its classification as an adipose tissue, PVAT is not necessarily white adipose tissue (WAT) or brown adipose tissue (BAT). Thus, there are instances of both white and mixed PVAT, such as the rodent mesenteric and aortic PVAT, respectively. This mixed aortic PVAT resembles more the classical BAT,[@b3-vhrm-9-105] with multilocular adipocytes abundant in mitochondria and expressing uncoupling protein-1 (UCP-1), whereas mesenteric PVAT is white in nature, with larger unilocular adipocytes that are lacking UCP-1 and comparatively less vascularized. The traditional roles ascribed to WAT, as a lipid deposit with little metabolic activity, and to BAT, as a site of nonshivering thermogenesis, are nowadays insufficient in describing the rich endocrine activity of both types of tissue and indeed, of PVAT as well, which due to this activity, is deeply involved in the function of the blood vessels it surrounds.

PVAT differs substantially from other fat depots with respect to its secretory profile. For example, mouse aortic PVAT produces less adiponectin, leptin, and resistin, expresses lower levels of lipid-oxidation genes, and has the reverse expression profile of adipose-related and lipid synthesis and storage genes compared with SAT and VAT.[@b3-vhrm-9-105],[@b4-vhrm-9-105] Comparatively, transcriptome analyses have shown there are far less differences in gene expression between murine aortic PVAT and interscapullary BAT, nominally only a total of 228 genes, while registering similar expression levels for classically brown adipocyte-enriched genes, such as UCP-1 and Cidea.[@b3-vhrm-9-105] The secretory profile is not the only characteristic distinguishing the PVAT from SAT or VAT. Markers of adipocyte differentiation and maturation, such as lipoprotein lipase, glycerol phosphate 3 dehydrogenase, or perilipin, have a relative decreased expression in PVAT compared with SAT and VAT.[@b4-vhrm-9-105] The two studies cited above differ in one key aspect and that is the expression of immune and inflammatory genes. In one study, genes like interleukin (IL)-6, IL-8, or monocyte chemoattractant protein 1 (MCP-1) were higher in PVAT than in SAT and VAT,[@b4-vhrm-9-105] whereas in the other, chemokines, T-cell receptor and macrophage markers had lower PVAT expression.[@b3-vhrm-9-105] Consequently, the inflammatory alterations that occurred under high fat diet (HFD) conditions were either more[@b4-vhrm-9-105] or less[@b3-vhrm-9-105] severe in PVAT, aspects which are discussed later. In yet another study, the secretion of cytokines, angiogenic factors, and metabolic hormones was measured in cultured adipocytes from human SAT, VAT, and radial artery PVAT. Results demonstrated that the PVAT adipocytes secretion pattern was different from that of the other fat deposits, having a higher production of angiogenic factors and cytokines, like hepatocyte growth factor (HGF), vascular endothelial growth factor, MCP-1, and thrombospondin 1.[@b5-vhrm-9-105] Coculture of these adipocytes with endothelial cells increased production of MCP-1 and granulocyte colony stimulating factor. HGF, previously identified as an adipokine,[@b6-vhrm-9-105] was preferentially released from PVAT adipocytes and induced VSMC cytokine release and endothelial cell proliferation. Importantly, magnetic resonance imaging (MRI)-determined PVAT mass, but not mass of SAT or VAT, correlated with circulating HGF, in patients with increased risk for diabetes, thus highlighting HGF as a potential marker of PVAT mass in humans.[@b5-vhrm-9-105]

Consequent to the structural differences in the PVAT of various vascular beds, there are secretory-profile and adipose gene-expression differences, similar to the ones between WAT and BAT. For instance, a study comparing expression of renin--angiotensin system components between mesenteric and aortic PVAT in Wistar Kyoto (WKY) rats demonstrated not just the predictable morphological differences derived from the white-like mesenteric PVAT or the brown-like aortic PVAT, but also higher angiotensin AT~1a~- and AT~2~-receptor, chymase, and angiotensin II expression, and lower prorenin-receptor expression in mesenteric compared with aortic PVAT.[@b7-vhrm-9-105] The point that not all PVAT is structurally the same is one to bear in mind when comparing results from PVAT studies, not all of which were performed in the same vascular bed.

Adipocytes are the most abundant cell population in PVAT. Although morphologically resembling white or brown adipocytes, according to the particular vascular bed they surround, these cells may not have the same developmental origin as their subcutaneous or visceral counterparts. The very idea of strictly defining adipocytes as white or brown, based on only mitochondrial content or UCP-1 expression, has come under intense scrutiny recently. This separation does not take into account the presence of brown-like adipocytes occurring in the midst of a white adipose tissue, such as after cold exposure, treatment with peroxisome proliferator-activated receptor (PPAR)γ- or β~3~-adrenergic agonists, or in PPARγ coactivator 1 overexpression, instances that support the idea of white-to-brown transdifferentiation or white preadipocyte neodifferentiation.[@b8-vhrm-9-105] The reverse brown-to-white transformation is also a common phenomenon during the development of larger mammals, including humans. Given the emerging concept that BAT is inherently beneficial and WAT promotes inflammation, efforts are currently directed at finding the factors that would induce WAT "browning" and the formation of "beige" or "brite" adipose tissue.[@b9-vhrm-9-105] In this context, it is noteworthy that exercise promotes PPARγ coactivator 1 expression in skeletal muscle and induces irisin secretion, which in turn stimulates white-to-brown developmental programs in white adipocytes.[@b10-vhrm-9-105] Exercise, in an enriched housing environment, also induced the activation of a theorized hypothalamic-adipocyte axis in rodents that led in turn, to a white-to-brown phenotypic transformation, potentially mediated by brain-derived neurotrophic factor overexpression in the hypothalamus.[@b11-vhrm-9-105]

Besides adipocytes, PVAT contains other cells grouped together as the stromal vascular fraction (SVF), including fibroblasts, mesenchymal stem cells, lymphocytes, macrophages, and potentially, endothelial cells from accompanying structures, such as the vasa vasorum. The SVF cells, due to their diverse properties and functions, are of extreme importance in determining the release of vasoactive or other biologically relevant substances from PVAT ([Figure 1](#f1-vhrm-9-105){ref-type="fig"}). Furthermore, in disease conditions marked by an increase in the number of SVF cells in the PVAT, via mechanisms such as macrophage infiltration, this fraction becomes even more relevant.

The extracellular matrix (ECM) of PVAT is similar to that of other adipose tissues and contains collagen, laminin, and fibronectin fibers. Adipose ECM is under continuous dynamic remodeling by ECM-processing enzymes, such as the matrix metalloproteinases, tissue inhibitors of metalloproteinases, and proteins from the a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS) family.[@b12-vhrm-9-105]

PVAT also contains sympathetic nervous fibers and, depending on vascular bed, may also contain vasa vasorum. Parasympathetic innervation of WAT has been ruled out;[@b13-vhrm-9-105] however, no retrograde labeling studies have been performed specifically on PVAT. The control of PVAT function via sympathetic innervation is a recent concept and part of the previously mentioned complex concept of a brain-adipocyte axis, which warrants further study, especially given the alterations observed during disease states.[@b14-vhrm-9-105]

PVAT function
=============

Release of adipokines and other bioactive molecules
---------------------------------------------------

Adipose tissue was, until recently, seen as mere connective tissue supporting the adjacent structures, with additional functions in lipid deposition (WAT) and nonshivering thermogenesis (BAT). Conversely in vascular biology, PVAT was seen as providing vascular support, and as it was thought to impede diffusion of exogenous molecules, it was (and still is, for the most part) removed for vascular function studies. However, compelling evidence from the last two decades has led to the wide acceptance of adipose tissue, in general, as an important endocrine organ and of PVAT, in particular, as having notable paracrine effects on blood vessels. These effects, discussed below, are mediated by a host of molecules ([Table 1](#t1-vhrm-9-105){ref-type="table"}) that are released from the various PVAT cell populations.

Perhaps the most important category of substances released from PVAT is that of the adipokines, termed as such because of their adipocyte origin and cytokine-like effects. Of these, adiponectin and leptin have been extensively studied. Adiponectin was first identified in 1995,[@b15-vhrm-9-105] and although an adipocyte-specific product, it was soon observed that its levels are decreased in obesity,[@b16-vhrm-9-105] a discovery that prompted the initiation of numerous studies. Adiponectin is a small protein of 30 kDa in its globular form. Its collagenous N-terminal domain allows for formation of multimers that bind to the adiponectin receptors ADIPOR1 and ADIPOR2 for intracellular signaling. Several additional proteins, such as T-cadherin have been implicated in mediating adiponectin effects.[@b17-vhrm-9-105] These effects are complex and range from promoting pancreatic beta cell survival and insulin secretion as well as insulin sensitivity, renal, and cardiac protection, to important local autocrine and systemic anti-inflammatory effects.[@b18-vhrm-9-105]--[@b21-vhrm-9-105] Blood vessel function may be modulated by adiponectin through various mechanisms, including stimulation of vasorelaxation,[@b22-vhrm-9-105] adenosine monophosphate-activated protein kinase (AMPK)-mediated endothelial nitric oxide (NO) synthase (eNOS) activation,[@b23-vhrm-9-105] protection from endothelial injury,[@b20-vhrm-9-105] and anti-inflammatory actions.

Leptin is another essential adipocyte-specific hormone, secreted principally by adipocytes from WAT and functioning to signal energy status and regulate appetite through hypothalamic leptin-receptor signaling. Its circulating levels are proportional to the adipose tissue mass, thus a main characteristic of most obesity types is hyperleptinemia. However, due to complex mechanisms, the hyperleptinemia observed in human obesity is associated with peripheral leptin resistance, similar to the hyperinsulinemic and insulin resistant state encountered in diabetes. Similarly to adiponectin, leptin plays other important roles systemically, such as modulating the endocrine hypothalamic-pituitary signals to the gonads, thyroid, and the adrenal gland, as well as modulating insulin sensitivity, bone metabolism, and immune system function. In the cardiovascular system, where the six leptin receptors are also expressed, the effects of leptin are generally those of vasodilation, producing hypotension upon acute in vivo infusion and exerting direct vasodilatory effects on various vascular beds.[@b24-vhrm-9-105]--[@b26-vhrm-9-105] Leptin-induced vasorelaxation may be mediated by endothelial NO-dependent or independent mechanisms.[@b26-vhrm-9-105]--[@b28-vhrm-9-105] A VSMC inducible NO synthase (NOS)-mediated anticontractile effect was also described for angiotensin II-induced contraction in rat aorta.[@b29-vhrm-9-105] However, mimicking chronic obese states, long-term infusion of leptin promotes hypertension and endothelial dysfunction.[@b30-vhrm-9-105],[@b31-vhrm-9-105] Interestingly, leptin may increase vascular permeability, and ob/ob mice that lack leptin also lack adipose tissue fenestrations, a feature that makes adipose tissue of normal mice resemble an endocrine tissue.[@b32-vhrm-9-105]

There is by now an impressive list of other adipokines ([Table 1](#t1-vhrm-9-105){ref-type="table"}) that each may contribute to vessel function in some way. Recently, it was shown that omentin induces vasorelaxation.[@b33-vhrm-9-105] As previously mentioned, HGF induces endothelial cell proliferation and VSMC cytokine production.[@b5-vhrm-9-105] PVAT adipocytes also release various fatty acids that may act as independent signaling molecules, such as methyl palmitate.[@b34-vhrm-9-105] Due to the presence of SVF cells, secretion of a wide array of cytokines was also demonstrated in PVAT, including ILs and tumor necrosis factor α (TNFα) as well as various angiogenic and chemotactic factors.[@b3-vhrm-9-105]--[@b5-vhrm-9-105],[@b35-vhrm-9-105] In addition, much similar to the adventitial layer, PVAT expresses nicotinamide adenine dinucleotide phosphate (NADPH)-oxidases, is capable of producing reactive oxygen species (ROS), like superoxide and hydrogen peroxide (H~2~O~2~), and is also equipped with antioxidant defense enzymes.[@b36-vhrm-9-105]--[@b40-vhrm-9-105] PVAT cells express NOS isoforms and release NO, although the exact cell type responsible for this NO production is not yet clear.[@b41-vhrm-9-105]--[@b43-vhrm-9-105] The production of gaseous molecules, like hydrogen sulfide (H~2~S), from PVAT has also received attention recently, especially due to the vasodilator effect of H~2~S.[@b44-vhrm-9-105]--[@b46-vhrm-9-105] Other important vasoactive molecules secreted from PVAT belong to the renin--angiotensin system, including angiotensin II and angiotensin (1--7), the latter having been demonstrated as being partly responsible for the anticontractile effect of PVAT.[@b7-vhrm-9-105],[@b47-vhrm-9-105] Unlike with adipokines, the secretion of the vast majority of these molecules, when measured from whole tissue, cannot be attributed to any particular cell type.

Anticontractile effects of PVAT
-------------------------------

The view of the PVAT as a supportive structure with no role in vascular function was the widely held belief until recent years, and the first study to challenge this came in 1991, when Soltis and Cassis[@b48-vhrm-9-105] reported that PVAT inhibited rat aorta contractile response to norepinephrine. Subsequently, Gollasch et al pioneered investigation of this phenomenon[@b22-vhrm-9-105],[@b49-vhrm-9-105]-- [@b52-vhrm-9-105] and provided additional proof that PVAT inhibited contractile response to a number of additional agonists, like angiotensin II, serotonin, endothelin-1, or phenylephrine. The fact that these various agonists are all subject to inhibition by PVAT precludes the initial suggestion that PVAT would increase the uptake of norepinephrine,[@b48-vhrm-9-105] as other agonists would not be taken up, cleaved, or inactivated. Furthermore, this anticontractile effect is not due to the physical presence of PVAT mechanically impeding or decreasing the diffusion of exogenous molecules, since the supernatant from incubated PVAT or adipocytes reproduces the effect,[@b50-vhrm-9-105] essentially demonstrating that factors released from PVAT mediate the decrease in contractile responses. It also does not appear to be a species effect, as similar results were observed in rat, mouse, dog, pig, and human vessels. This occurs in various vascular beds, like the aorta, the mesenteric circulation, coronary arteries,[@b53-vhrm-9-105] or limb vessels,[@b54-vhrm-9-105] therefore suggesting it does not depend either on the white- or the brown-like quality of the adipose tissue. The anticontractile effect of PVAT was also reproduced for veins,[@b55-vhrm-9-105] which like arteries, are surrounded by PVAT.

The identity of the factor(s) that mediate the anticontractile effect of PVAT is still under discussion, but several molecules have been proven to at least partially explain it. Initially termed adventitia-derived relaxing factor, by Lohn et al,[@b50-vhrm-9-105] to mimic its endothelial counterpart, the perivascular-derived relaxing factor (PVRF) is clearly not a singular entity, as discussed below. Similar to the endothelium that does not only produce NO, PVAT is also a complex tissue and its effects cannot be reduced to any molecule alone, especially considering the impressive list of potential candidates for any effect ([Table 1](#t1-vhrm-9-105){ref-type="table"}).

Several key observations have been made by the groups of Gollasch[@b49-vhrm-9-105]--[@b52-vhrm-9-105] and Lee.[@b36-vhrm-9-105] First, as previously mentioned, the PVAT anticontractile effect is transferrable (a solution that was transferred from an incubated PVAT-intact vessel induced anticontractile effect in a separate PVAT-free vessel) and adipocyte-derived (the supernatant from cultured adipocytes reproduced these effects).[@b50-vhrm-9-105] Studies have also demonstrated the essential role played in mediating the PVAT anticontractile effect by the gated potassium (K) channels, namely the adenosine triphosphate (ATP) channels (K~ATP~)[@b49-vhrm-9-105] and later, the voltage-gated (K~V~)[@b51-vhrm-9-105] channels, and excluded others, like the large conductance calcium-activated (BK~Ca~) channels and the delayed rectifying and the inwardly rectifying channels.[@b49-vhrm-9-105] However, the role of BK~Ca~ channels in mediating anticontractile PVAT actions was recently revealed.[@b56-vhrm-9-105] Part of the anticontractile effect is endothelium dependent, mediated by NO and calcium-activated channel K~Ca~ activation, and part is endothelium independent, potentially mediated by H~2~O~2~ release and soluble guanlyate cyclase (sGC) activation.[@b36-vhrm-9-105] K~Ca~ channels have also been found to be involved in mediating PVAT-induced relaxation in the human internal mammary artery.[@b43-vhrm-9-105],[@b57-vhrm-9-105]

The very mechanism of release of factors from PVAT was also investigated. This release appears to be calcium ion (Ca^2+^) dependent, and PKA and tyrosine kinase regulated, while independent of nerve-ending influences, as vanilloid, cannabinoid, and calcitonin gene-related peptide inhibition did not modify the anticontractile effect.[@b49-vhrm-9-105] The involvement of proteinase-activated receptor-2 (PAR~2~) was recently investigated, using its ligands or trypsin, in mouse aorta.[@b38-vhrm-9-105] Release of PVRFs may be PAR~2~ dependent, mediated by H~2~O~2~, but not sGC, different from Gao et al,[@b36-vhrm-9-105] or PAR~2~ independent, mediated through K~V~ channels.[@b38-vhrm-9-105] This latter work also suggested that PVAT-derived proteinases, such as adipsin, may modulate PVAT effects on contraction. The anticontractile effect of PVAT was also inhibited or lost in the presence of mineralocorticoids, like deoxycorticosterone in the rat aorta[@b48-vhrm-9-105] or aldosterone in mesenteric arteries, where mineralocorticoid-receptor antagonists restored this effect.[@b58-vhrm-9-105]

A few individual molecules have been implicated in the mediation of the relaxant or anticontractile effects of PVAT. Recombinant adiponectin has been found to reduce serotonin-mediated contraction of rat aorta.[@b22-vhrm-9-105] Supporting this finding, a fragment of the adiponectin receptor was found to block the PVAT-mediated relaxation in human small arteries.[@b59-vhrm-9-105] However, reports from adiponectin-knockout mice are contradictory, the anticontractile effects of PVAT on serotonin-induced contraction being preserved in the aorta and mesenteric bed in one case,[@b22-vhrm-9-105] while being lost in the case of norepinephrine-induced contraction in small mesenteric arteries in another.[@b56-vhrm-9-105] Angiotensin (1--7) is expressed and released from PVAT and is partly responsible for the anticontractile effect, since inhibition of Mas, the receptor for angiotensin (1--7), partly blocks this effect in both rat aorta[@b60-vhrm-9-105] and rat vena cava,[@b55-vhrm-9-105] effects confirmed by similar experiments done with Mas receptor knockout mice.[@b47-vhrm-9-105] More recently, a study showed that methyl palmitate is released from rat aorta PVAT in a Ca^2+^-dependent manner and mediates vasorelaxation via K~V~ channels.[@b34-vhrm-9-105] H~2~S, produced in PVAT largely by the action of cystathionine-γ lyase, is also directly involved in mediating PVAT effects on vascular reactivity,[@b44-vhrm-9-105],[@b46-vhrm-9-105] and this effect occurs via KCNQ K~V~ channels in rat, but not in mouse, as recently revealed.[@b45-vhrm-9-105] Interestingly, it appears that statins increase H~2~S production, likely through inhibition of its mitochondrial oxidation.[@b46-vhrm-9-105] PVAT-released leptin was recently also demonstrated to mediate the vasorelaxant effects of PVAT.[@b61-vhrm-9-105] Other molecules from the ever-growing list of adipokines (including resistin, omentin, vaspin, nesfatin, and adipsin) may also contribute to these effects via direct vasodilatory or other mechanisms;[@b33-vhrm-9-105],[@b38-vhrm-9-105],[@b62-vhrm-9-105],[@b63-vhrm-9-105] however, definitive studies are still lacking.

Other cell types, besides adipocytes, may mediate the vasorelaxant effects of PVAT, and one important study used a conditional macrophage ablation mouse model to prove that infiltrating macrophages were essential for PVAT function.[@b58-vhrm-9-105] These authors also indicated hypoxia as abolishing the vasorelaxant effects of PVAT, which were restored by aldosterone receptor antagonism. Contrasting with these results, Maenhaut et al[@b64-vhrm-9-105] showed that hypoxia enhanced the anticontractile effects of mouse aortic PVAT via K~ATP~ and endothelium-independent mechanisms.

Other studies effectively ruled out the contribution of different molecules in mediating vasorelaxation by PVAT, such is the case of visfatin,[@b65-vhrm-9-105] while the opposite procontractile effect of PVAT was cited in a few studies. Gao et al[@b37-vhrm-9-105] showed that rat superior mesenteric contraction induced by perivascular nerve stimulation was mediated by superoxide release from NADPH oxidase, expressed in PVAT adipocytes. Authors in the same group demonstrated that this effect was blocked by angiotensin converting enzyme inhibitors or AT~1~ receptor antagonists, suggesting that PVAT-derived angiotensin II mediates the perivascular nerve stimulation-induced contraction.[@b66-vhrm-9-105] Contrasting with most results reviewed here, a study of canine coronary arteries suggested that PVAT decreases endothelium-dependent relaxation, through phosphorylation of eNOS at the Thr-495 inhibitory site by protein kinase C β (PKCβ).[@b67-vhrm-9-105]

Another factor that might explain the procontractile effects of PVAT in physiological conditions besides superoxide is chemerin, an adipokine that may be produced in PVAT and that was recently demonstrated to increase phenylephrine and endothelin-induced contraction, in the absence of PVAT, via activation of mitogen-activated protein kinase (MAPK) kinase and extracellular signal-regulated kinase 1 and 2 (ERK1/2).[@b62-vhrm-9-105]

Effects of PVAT on proliferation and migration of VSMCs
-------------------------------------------------------

Besides its inhibitory effect on acute blood vessel contraction, PVAT is also involved in the proliferation and migration of VSMC, functions it generally stimulates. Adipokines and other adipose-derived factors typically increase VSMC proliferation, such is the case of resistin and visfatin. Visfatin levels were shown to be higher in PVAT than SAT and VAT. Visfatin stimulates nicotinamide mononucleotide production, which in its turn triggers VSMC growth through the insulin-independent activation of ERK1/2 and p38 MAPKs.[@b65-vhrm-9-105] Resistin also contributes to both the proliferation and migration of VSMC, and its expression is increased after injury in the carotid artery.[@b68-vhrm-9-105] For leptin, the evidence is conflicting, depending on the species or disease state. In one study, leptin stimulated the proliferation and migration of rat aortic VSMC in culture,[@b69-vhrm-9-105] likely via upregulation of cyclinD1, ERK1/2 and nuclear factor kappa B.[@b70-vhrm-9-105] Conversely, in a study of the carotid artery from atherosclerotic patients, human VSMC exposed to high concentration of leptin inhibited VSMC growth and downregulation of the leptin receptor, [@b71-vhrm-9-105] while leptin also inhibited the angiotensin II-stimulated VSMC proliferation by NOS-dependent mechanisms.[@b29-vhrm-9-105] VSMCs are not the only target of PVAT-derived proliferative factors, and for example, adventitial fibroblast growth was shown to be stimulated by complement 3 from PVAT, via c-Jun N-terminal kinase (JNK) activation.[@b72-vhrm-9-105] Illustrating the complexity of the regulation of vascular function by PVAT, adiponectin has the opposite effect of decreasing both VSMC growth[@b73-vhrm-9-105],[@b74-vhrm-9-105] and insulin-like growth factor-induced migration.[@b75-vhrm-9-105]

Barandier et al[@b76-vhrm-9-105] showed that cultured media from the PVAT of rat aorta stimulated VSMC growth and without identifying the responsible factors, narrowed the candidates to protein components, as both boiling and proteinase K decreased this effect. The remaining 40% of the effect not blocked in these conditions suggested that nonprotein factors may also be involved. For example, free fatty acids, such as oleic acid, have also induced VSMC proliferation.[@b73-vhrm-9-105] Steroid hormones, with proven VSMC growth effects, may also help explain this phenomenon, for instance adipocyte-derived aldosterone was recently demonstrated to stimulate VSMC growth.[@b77-vhrm-9-105],[@b78-vhrm-9-105]

Influence of PVAT on vascular function in pathophysiological states
===================================================================

Obesity, diabetes, and the metabolic syndrome
---------------------------------------------

Obesity is a chronic disease that has become a world health concern, due to its ever-increasing prevalence. The worldwide obesity pandemic is all the more alarming because of the clear link between obesity and risk for cardiovascular disease and increased mortality. PVAT mass, like total adipose mass, is increased as well in humans with obesity[@b2-vhrm-9-105],[@b59-vhrm-9-105] and in all animal models of obesity.[@b39-vhrm-9-105],[@b40-vhrm-9-105],[@b79-vhrm-9-105] In humans, this increase in PVAT mass correlates with that of VAT and with the presence of hypertension, insulin resistance, and diabetes.[@b2-vhrm-9-105],[@b54-vhrm-9-105]

The increase in adipose tissue mass in obesity is supported by both adipocyte expansion and, potentially, proliferation. Alterations in adipose tissue during obesity are far more complex than the simple increase in mass, comprising changes in the composition of lipid droplets, remodeling of adipose ECM, and macrophage/lymphocyte infiltration. A typical finding in obesity is the systemic low-grade inflammation, which is present in the adipose tissue as well, maintaining an imbalance in the secretion of adipokines and promoting oxidative stress, hypoxia, and insulin resistance.[@b80-vhrm-9-105],[@b81-vhrm-9-105]

It is presumed that alterations in PVAT follow those of adipose tissue elsewhere. However, these processes do not occur simultaneously from the onset of obesity but rather, appear to develop over time in a sequential manner that is not completely understood. Although the anticontractile effects of PVAT are dependent on the mass of PVAT in normal conditions,[@b51-vhrm-9-105] in obesity, the unbalanced secretion of PVRFs, together with oxidative stress and macrophage infiltration of PVAT, lead to a widely documented decrease in the anticontractile effect, discussed below. However, this PVAT dysfunction is characteristic of the chronic phase of obesity and may initially be characterized by the opposite, compensatory changes. Early obesity was shown to be accompanied by an increase in the production of NO by mesenteric PVAT, in a mouse model of HFD-induced obesity.[@b42-vhrm-9-105] Conversely, with long-term exposure to a HFD, PVAT may contribute to endothelial dysfunction. Removal of PVAT improved endothelial function after 6 months of HFD treatment in rats. In this model, reduced eNOS phosphorylation at the activation site Ser-1177 was associated with decreased AMPK activation and consequently increased mammalian target of rapamycin (mTOR) in aortic tissue. Conversely, a similar expression pattern of MAPK/mTOR was observed in VSMCs cocultured with adipocytes from HFD-treated rats,[@b79-vhrm-9-105] suggesting that in obesity, PVAT contributes to the endothelial dysfunction partly via inhibition of the AMPK-mediated eNOS activation. In HFD-induced obese mice, similarly to the study above, impaired endothelial function was restored by removing PVAT.[@b39-vhrm-9-105] The same was achieved by treatment with ROS scavengers or apocynin.[@b39-vhrm-9-105] Evidence from other studies supports the key role of increased ROS production in the development of PVAT dysfunction and loss of anticontractile properties, during obesity. In obese humans, the diminished anticontractile properties of PVAT were restored by treatment with superoxide dismutase (SOD) and catalase, which counteracted the increased ROS production of obese PVAT.[@b59-vhrm-9-105] The inhibitory effects of obesity or hypoxia on the anticontractile properties of PVAT was shown to be mimicked by the application of IL-6 or TNF-α and rescued by TNF-α antagonist treatment.[@b59-vhrm-9-105] The increased production of ROS was also demonstrated in the New Zealand obese mouse model, where authors showed that SOD expression was decreased and eNOS potentially uncoupled, while PVAT was infiltrated with macrophages.[@b40-vhrm-9-105] In a model of metabolic syndrome induced by fructose feeding, the increased markers of oxidative stress and decreased expression of antioxidant enzymes were correlated with the increased ratio of mono- to polyunsaturated fatty acids.[@b82-vhrm-9-105] Angiotensin-receptor antagonist treatment in the same model restored the increased norepinephrine-induced contraction, in the presence and absence of PVAT.[@b83-vhrm-9-105]

Macrophage infiltration in adipose tissue has been correlated to the adipocyte lipolysis observed in chronic obesity, suggesting that the release of fatty acids may trigger macrophage infiltration to initiate inflammatory changes in obese adipose tissue.[@b84-vhrm-9-105] Besides oxidative stress and macrophage infiltration, another crucial element of PVAT dysfunction in obesity is the alteration in secretion of adipocytokines. As a general rule, circulating levels and tissue production of leptin is increased and of adiponectin decreased, during obesity. This was also observed at the level of PVAT, in HFD models of obesity.[@b4-vhrm-9-105],[@b39-vhrm-9-105],[@b40-vhrm-9-105] Despite the increase in leptin release, with obesity, a peripheral resistance to its effects occurs. For example, it was shown in the Zucker rat, that the normal vasorelaxant and Ca^2+^ inhibitory effect of leptin was lost.[@b85-vhrm-9-105] Leptin produced by PVAT was also shown to exacerbate coronary endothelial dysfunction in a model of metabolic syndrome, through increased PKCβ activation and phosphorylation of eNOS at the inhibitory site Thr-495.[@b86-vhrm-9-105]

Recent evidence strongly supports the idea that PVAT plays a key role in the development of vascular insulin resistance. It has been shown that the insulin-induced relaxation observed in the presence of PVAT in normal conditions is lost in db/db mice when PVAT mass is increased but releases less adiponectin. Additionally, inhibition of JNK restores PVAT-mediated insulin-induced vasorelaxation through adiponectin, which appears to act through AMPKα2.[@b87-vhrm-9-105]

Although the PVAT dysfunction in models of HFD- or fructose-induced obesity, metabolic syndrome, and type 2 diabetes share many pathophysiological mechanisms and experimental findings, the same may not be true for type 1 diabetes. Thus, Lee et al[@b88-vhrm-9-105] described that acute hyperglycemia and chronic streptozotocin-induced type 1 diabetes led to an increase in the PVRF release and vasorelaxant properties of PVAT.

Hypertension
------------

The hypertensive vascular dysfunction, characterized by endothelial dysfunction and hypertensive remodeling of the smooth muscle layer, is a well documented process. The complicated mechanisms underlying vascular dysfunction, including a decreased NO bioavailability, activation of the pathways of smooth muscle contraction, vascular oxidative stress, and inflammation, have been investigated in countless studies of animal models of hypertension and clinical studies. By comparison, the role played by PVAT in development of this vascular dysfunction is clearly understudied and to date, there have been no human studies on PVAT in hypertension.

The mass of PVAT, both absolute and relative to body mass, is consistently decreased in rat models of hypertension, such as the spontaneously hypertensive rat (SHR), angiotensin II-infused rats, and deoxycorticosterone acetate (DOCA)-salt rats.[@b61-vhrm-9-105],[@b72-vhrm-9-105],[@b89-vhrm-9-105]--[@b91-vhrm-9-105] The functional effect of PVAT on smooth muscle contraction was also shown to be altered and the typical anticontractile effect of PVAT diminished or lost. In SHR, this was observed at the aorta and both isolated mesenteric arteries or perfused whole mesenteric bed.[@b61-vhrm-9-105],[@b89-vhrm-9-105],[@b91-vhrm-9-105]--[@b94-vhrm-9-105] Mechanistically, Gálvez-Prieto et al[@b91-vhrm-9-105] discussed the role of K~V~ channels in the PVAT dysfunction in SHR and, using 4-week-old animals, demonstrated that the impairment of PVAT function occurs before the increase in blood pressure. The participation of K~V~7 channels was recently confirmed, where it was seen that K~V~7 blockade abolished the contractile differences between WKY and SHR rats, in the presence of PVAT.[@b93-vhrm-9-105] Interestingly, different from what was discussed previously in this review, these authors proposed a diffusion-hindrance effect by PVAT, supported by a decreased sensitivity to both acetylcholine and sodium nitroprusside, in the presence of PVAT.[@b93-vhrm-9-105] A recent study reinforced earlier findings by the Lee group, by demonstrating that Mas receptor blockade abolished the PVAT-induced relaxation response, which was diminished in SHR rats compared with WKY rats.[@b94-vhrm-9-105] By transferring bath solutions from PVAT-intact vessels and comparing responses in WKY and SHR, these authors and others showed that the decrease in PVAT-induced relaxation observed in SHR rats was not due to the decrease in PVAT mass.[@b92-vhrm-9-105],[@b94-vhrm-9-105] This reduction in the anticontractile effects was also not found to be due to the endothelial dysfunction, since it was still present in endothelium-denuded arteries.[@b90-vhrm-9-105] The diminished anticontractile effect of PVAT can be restored by atorvastatin treatment,[@b92-vhrm-9-105] the same treatment that increased H~2~S production in PVAT in a previously mentioned study.[@b46-vhrm-9-105] Adipokine secretion is also perturbed during hypertension. Leptin secretion is decreased in mesenteric PVAT in SHR rats,[@b89-vhrm-9-105] and its effects on angiotensin II-induced contraction and VSMC Ca^2+^ homeostasis are lost.[@b29-vhrm-9-105],[@b95-vhrm-9-105] The secretome of aortic PVAT was studied by liquid chromatography-mass spectrometry in a study indicating that the most abundant product secreted by this tissue is complement 3, which induced adventitial fibroblast migration and differentiation via JNK activation. The increased secretion of complement 3 in DOCA-salt rats correlated with the adventitial remodeling observed in this model of hypertension.[@b72-vhrm-9-105]

Atherosclerosis
---------------

As the underlying cause of cardiovascular diseases that lead the statistics on human mortality, atherosclerosis is under continuous investigation for mechanisms and therapeutic approaches for prevention and treatment. In view of all the PVAT molecules with potential effects on vessel function ([Table 1](#t1-vhrm-9-105){ref-type="table"}), it is logical to presume an involvement of this layer in the complex mechanisms of atherosclerosis development. However, the potential link between dysfunction of the PVAT and atherosclerosis, although supported by circumstantial evidence and reasonable hypotheses, has not been studied directly. One of these hypotheses is the theory of "outside to inside" signaling of atherogenesis,[@b96-vhrm-9-105] which proposes that events leading to the increased release of proinflammatory and chemotactic mediators in PVAT lead in turn, to the infiltration of macrophages and other immune cells, promoting endothelial dysfunction, hypercoagulability, monocyte adhesion, and plaque formation.[@b96-vhrm-9-105]--[@b98-vhrm-9-105]

There is a scarcity of studies on PVAT in atherosclerosis. In humans, most of these were done in epicardial adipose tissue, which presents the advantage of studying phenomena close to the coronaries but could not be entirely equated to pericoronary PVAT. Increased epicardial adipose tissue size has been correlated to atherosclerotic plaques, the degree of coronary artery stenosis, and cardiovascular events by a number of articles reviewed elsewhere.[@b96-vhrm-9-105] In this same tissue, adipokine secretion was found to be unbalanced, such that molecules that promote inflammation and VSMC proliferation, like IL-6, plasminogen activator inhibitor 1 (PAI-1), TNFα, visfatin, and leptin were elevated, whereas adipokines with anti-inflammatory properties, like adiponectin, were decreased.[@b35-vhrm-9-105],[@b99-vhrm-9-105]--[@b103-vhrm-9-105] Interestingly, the intramyocardial portions of coronary arteries, which lack PVAT, were less likely to develop atherosclerosis.[@b104-vhrm-9-105]

Human aortic atherosclerosis was correlated with the periaortic PVAT levels of chemerin, visfatin, leptin, and vaspin.[@b105-vhrm-9-105] Henrichot et al[@b35-vhrm-9-105] demonstrated that the increased production of IL-8 and MCP-1 in the PVAT of human atherosclerotic aorta was correlated with secretion of these molecules by SAT and associated with macrophage and T-cell infiltration at the interface between PVAT and the adventitia of atherosclerotic aortas. In contrast, peripheral arteries lacking atherosclerosis also lacked these infiltrating cells. Conditioned medium from these human periaortic adipocytes was found to stimulate migration of granulocytes, monocytes, and activated T cells in vitro. In the apolipoprotein E--knockout mouse model of atherosclerosis, PVAT release of macrophage inflammatory protein 1α, IL-1β, IL-1 receptor, and IL-6 was increased, and mesenteric PVAT presented macrophage infiltration.[@b106-vhrm-9-105] The upregulation in PAI-1, IL-6, and TNFα observed after endovascular balloon injury in mice was abolished by TNFα deletion.[@b107-vhrm-9-105]

Although these studies demonstrate the detrimental effect of PVAT and its potential involvement in atherosclerosis development, it is an inflamed and dysfunctional PVAT that produces these effects, and the lack of an otherwise normal PVAT may have equally devastating effects. If PVAT is lacking systemically, as it happens in mice lacking PPARγ during preadipocyte development, thermoregulation is impaired, and atherosclerosis development in response to cold-induced activation is exacerbated.[@b108-vhrm-9-105]

Conclusion
==========

This review discussed the current evidence for the concept that far from being present only as a mechanical support structure or lipid depot, PVAT possesses the capacity to act in a paracrine manner, on the blood vessel, the function of which it modulates via complex mechanisms ([Figure 1](#f1-vhrm-9-105){ref-type="fig"}). New molecules released from PVAT are constantly being added to the already impressive list of adipokines, cytokines, ROS, lipid species, and gaseous molecules that PVAT produces. The alterations in the anticontractile function of PVAT in obesity, metabolic syndrome, hypertension, or atherosclerosis are correlated with an imbalance in the secretion of adipokines and the presence of inflammation and oxidative stress, leading to vascular dysfunction. The sequence of these processes is unclear, and a key event, common to PVAT dysfunction in cardiovascular disease, appears to be the PVAT infiltration by immune cells that induces the cascade of pathologies, although the trigger for this is not understood. A better understanding of PVAT physiology may allow for the design of therapies for vascular dysfunction and of strategies for directing these therapies to PVAT. An example, based on the different secretory profile of white- or brown-like PVAT, would be treatment that stimulates white-to-brown adipocyte transdifferentiation. However, studies reviewed here also revealed that there are vascular-bed differences in PVAT function that need to be taken into account. Furthermore, more human studies are certainly needed in order to definitively elucidate the role of PVAT in cardiovascular disease.
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![Perivascular adipose tissue releases molecules that modulate vascular function.\
**Abbreviations:** Ang 1--7, angiotensin 1--7; BA, brown adipocyte; EC, endothelial cell; Fib, fibroblast; H~2~S, hydrogen sulfide; L, lymphocyte; Mac, macrophage; MCP-1, monocyte chemoattractant protein-1; NO, nitric oxide; PVAT, perivascular adipose tissue; ROS, reactive oxygen species; TNFα, tumor necrosis factor α; VSMC, vascular smooth muscle cell; WA, white adipocyte; Y, autonomic nervous system receptor.](vhrm-9-105f1){#f1-vhrm-9-105}

###### 

Substances released by PVAT, their effects on normal vascular function, and alterations during PVAT dysfunction in cardiovascular disease

  Produced by PVAT                                                                                   Effect on normal vascular function                                                                                       PVAT dysfunction
  -------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------ ------------------------------------------------------------------------------------------------------------------------
  Leptin                                                                                             Direct vasodilatory effect[@b24-vhrm-9-105]--[@b28-vhrm-9-105]                                                           Increased PVAT production in obesity[@b4-vhrm-9-105],[@b39-vhrm-9-105],[@b40-vhrm-9-105]
  Increases VSMC proliferation/migration[@b69-vhrm-9-105],[@b70-vhrm-9-105]                          Decreased PVAT production in hypertension[@b89-vhrm-9-105]                                                               
  Decreases VSMC proliferation[@b29-vhrm-9-105],[@b71-vhrm-9-105]                                    Effects on VSMC contraction lost in hypertension[@b29-vhrm-9-105],[@b95-vhrm-9-105]                                      
  Increases vascular permeability[@b32-vhrm-9-105]                                                   Increased PVAT production in atherosclerosis[@b35-vhrm-9-105],[@b99-vhrm-9-105]--[@b103-vhrm-9-105],[@b105-vhrm-9-105]   
  Participates in PVAT anticontractile effect[@b61-vhrm-9-105]                                                                                                                                                                
  Adiponectin                                                                                        Direct vasodilatory effect[@b22-vhrm-9-105],[@b23-vhrm-9-105]                                                            Decreased PVAT production in obesity[@b4-vhrm-9-105],[@b39-vhrm-9-105],[@b40-vhrm-9-105]
  Decreases VSMC proliferation/migration[@b73-vhrm-9-105]--[@b75-vhrm-9-105]                         Decreased PVAT production in diabetes[@b87-vhrm-9-105]                                                                   
  Participates in PVAT anticontractile effect[@b22-vhrm-9-105],[@b56-vhrm-9-105],[@b59-vhrm-9-105]   Decreased production in atherosclerosis[@b35-vhrm-9-105],[@b99-vhrm-9-105]--[@b103-vhrm-9-105]                           
  Anti-inflammatory; protects from endothelial injury [@b20-vhrm-9-105]                                                                                                                                                       
  Resistin                                                                                           Increases VSMC proliferation/migration[@b68-vhrm-9-105]                                                                  Increased in endothelial-injury model[@b68-vhrm-9-105]
  Visfatin                                                                                           Increases VSMC proliferation/migration[@b65-vhrm-9-105]                                                                  Increased PVAT production in atherosclerosis[@b35-vhrm-9-105],[@b99-vhrm-9-105]--[@b103-vhrm-9-105],[@b105-vhrm-9-105]
  HGF                                                                                                Induces endothelial cell proliferation[@b5-vhrm-9-105]                                                                   Increased PVAT production in obesity[@b5-vhrm-9-105].[@b6-vhrm-9-105]
  Other adipokines (nesfatin, adrenomedulin, vaspin, omentin, chemerin, adipsin)                     Chemerin increases VSMC contraction[@b62-vhrm-9-105]                                                                     Increased PVAT production in atherosclerosis[@b105-vhrm-9-105]
  Omentin has direct vasodilatory effect[@b33-vhrm-9-105]                                                                                                                                                                     
  Potential participation in PVAT anticontractile effects[@b63-vhrm-9-105]                                                                                                                                                    
  TNFα                                                                                                                                                                                                                        Correlated with PVAT inflammation and hypoxia in human obesity[@b59-vhrm-9-105]
                                                                                                     Increased PVAT production in atherosclerosis[@b35-vhrm-9-105],[@b99-vhrm-9-105]--[@b103-vhrm-9-105]                      
  Interleukins (IL-1, IL-6, IL-8)                                                                                                                                                                                             Increased PVAT production in atherosclerosis[@b35-vhrm-9-105],[@b99-vhrm-9-105]--[@b103-vhrm-9-105],[@b105-vhrm-9-105]
  MCP-1                                                                                                                                                                                                                       Increased PVAT production in atherosclerosis[@b35-vhrm-9-105]
                                                                                                     Increased PVAT production in obesity[@b39-vhrm-9-105]                                                                    
  PAI-1                                                                                              Increases VSMC proliferation                                                                                             Increased PVAT production in atherosclerosis[@b35-vhrm-9-105],[@b99-vhrm-9-105]--[@b103-vhrm-9-105]
  Reactive oxygen species (superoxide, H~2~O~2~)                                                     Superoxide may promote procontractile PVAT effects[@b37-vhrm-9-105]                                                      Increased PVAT production in obesity[@b39-vhrm-9-105],[@b40-vhrm-9-105],[@b59-vhrm-9-105],[@b82-vhrm-9-105]
  H~2~O~2~ participates in PVAT anticontractile effect[@b36-vhrm-9-105],[@b38-vhrm-9-105]                                                                                                                                     
  Hydrogen sulfide (H ~2~S)                                                                          Direct vasodilatory effect[@b44-vhrm-9-105]--[@b46-vhrm-9-105]                                                           
  Participates in PVAT anticontractile effect[@b44-vhrm-9-105],[@b46-vhrm-9-105]                                                                                                                                              
  Nitric oxide (NO)                                                                                  Participates in PVAT anticontractile effect[@b36-vhrm-9-105]                                                             Increased PVAT production in early obesity[@b42-vhrm-9-105]
  Angiotensin II                                                                                     Participates in perivascular nerve stimulation-induced contraction[@b66-vhrm-9-105]                                      Increased PVAT production in hypertension[@b34-vhrm-9-105]
  Angiotensin (1--7 )                                                                                Participates in PVAT anticontractile effect[@b47-vhrm-9-105],[@b55-vhrm-9-105],[@b57-vhrm-9-105],[@b60-vhrm-9-105]       Decreased production in hypertension[@b94-vhrm-9-105]
  Methyl-palmitate                                                                                   Methyl palmitate participates in PVAT anticontractile effect[@b34-vhrm-9-105]                                            Decreased PVAT production of methyl palmitate in hypertension[@b34-vhrm-9-105]
  Other fatty acids                                                                                  Oleic acid increases VSMC proliferation[@b73-vhrm-9-105]                                                                 FA composition in PVAT changed in metabolic syndrome[@b82-vhrm-9-105]
  Complement 3                                                                                       Induces fibroblast migration [@b72-vhrm-9-105]                                                                           Increased PVAT production in hypertension[@b72-vhrm-9-105]

**Abbreviations:** FA, fatty acid; H~2~O~2~, hydrogen peroxide; HGF, hepatic growth factor; IL, interleukin; MCP-1, monocyte chemoattractant protein-1; PAI-1, plasminogen activator inhibitor-1; PVAT, perivascular adipose tissue; TNFα, tumor necrosis factor α; VSMC, vascular smooth muscle cell.
